ZnS films with different morphologies and nanometer structures were fabricated via high vacuum electron beam deposition by changing the oblique angle between the incoming particle flux and the substrate normal. The morphology and crystallinity of ZnS nanocrystalline films prepared on the substrates at = 0 and 80 were characterized by scanning electron microscopy (SEM), atomic force microscopy (AFM), and X-ray diffraction. These experimental results show that the ZnS nanocolumn structure was formed at the situation of = 80 . The incidence angle also strongly influenced the crystallinity of thin films. The most intensive diffraction peaks changed from (220) to (111) when the incidence angle was set to 0 and 80 . The dynamic growth process of ZnS films at = 0 and 80 has been analyzed by shadow effect and atomic surface diffusion. The transmittance spectra of the ZnS thin films prepared at different oblique angles were measured, and the transmissivity of ZnS nanocolumn thin films was enhanced compared with ZnS thin films prepared by normal deposition in the visible light range.
INTRODUCTION
Recently, nanometer materials and films have attracted intensive attention for their potential applications in many fields, such as solar cells, organic light emitting diodes, biosensors, optical devices, and large scale integration circuits. [1] [2] [3] [4] [5] Sol-gel methods and hydro-thermal processes are very effective ways to prepare nano-structured materials in organic solutions or water. 6 7 However, the nanomaterials prepared by chemical methods cannot take into effect in the process of photoelectric device fabrication. The realization of oriented nanometer thin films prepared by physical vapor deposition is considered an effective way to improve the performance of devices, especially for solar cells and sensors. Recently, we have successfully fabricated different morphology Alq 3 thin films by thermal deposition with electromagnetic field modification. 8 The devices with Alq 3 thin films prepared with electromagnetic field modification as the active layer show lower luminescence intensity and greater current density under the same driving voltage. Robbie reported an effective physical vapor deposition method to prepare a wide variety of morphologies tailored at the nanometer scale. 9 10 Zhang reported that the organic nanocolumns were prepared by thermal deposition through glancing angle deposition.
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The glancing angle deposition technology is a physical evaporation deposition process. The structure of thin films produced by glancing angle deposition can be controlled by the deposition rate, the substrate rotation rate, the substrate temperature and the glancing angle. [12] [13] [14] The technology has many advantages in depositing controlled nanostructure thin films, 11 15 such as minimal restrictions on materials and easy control.
In this paper, different morphologies and crystallinities of ZnS thin films were prepared on indium-tin-oxide (ITO) substrates by electron beam deposition with different incidence angles. The compact thin films were prepared when the coming particle flux was perpendicular to the substrate surface. When the incidence angle was fixed at 80 , nanocolumn thin films were formed. The dynamic growth process of nanocolumn thin films was analyzed through the shadow effect. The dynamic growth process strongly determines the crystallinity of thin films. The nanostructure of ZnS thin films also influences their optical performance in the visible light range.
EXPERIMENTAL DETAILS
ITO-coated glass substrates were cleaned consecutively in an ultrasonic bath with acetone, ethanol, and deionized water. Substrates were mounted on a substrate holder attached to a stepper motor, which can rotate the substrate holder. The oblique angle of the substrate normal relative to the incoming particle flux could be adjusted and was set to 0 and 80 off the substrate normal. The center of the substrate surface was 26 cm away from the deposition sources. Inorganic semiconductor material ZnS was evaporated onto the ITO substrates by the electron beam deposition method in an EVA-450 vacuum deposition system under a pressure of 2 × 10 −6 Torr at a rate of 0.2 nm/s. The rotation speed of the stepper motor was 0.05 rev/s. The film thickness and deposition rate were monitored by a quartz crystal oscillator. The morphology of the thin films was measured using a scanning electron microscope (SEM, XL30S-FEG) and an atomic force microscope (AFM, Nanoscope III) operating in tapping mode. The crystallinity of the thin films was measured by X-ray diffraction (XRD). The transmittance spectroscopy was measured using a UV-3101PC absorption spectrometer. The schematic diagram of the glancing angle deposition setup is shown in Figure 1 .
RESULTS AND DISCUSSION
The morphology of the ZnS thin films prepared under different oblique angles with a constant rotation rate 0.05 rev/s was measured by SEM with different direction. From the top view SEM micrographs of the ZnS film, it is obvious that the surface of the film is smooth and without any abruption when is set to 0 , as shown in Figure 2(a) . However, when the solid angle is set to 80 , the film surface becomes disconnected, as shown in Figure 2(d) . In order to investigate the detailed information of these two kinds of thin films, the side view and sectional view of SEM images were measured. From Figures 2(b and c) , it can clearly be seen that the compact films were prepared with normal incidence deposition. The ZnS nanocolumns were formed when the oblique angle was set to 80 , as shown in Figures 2(e and f) . The columns are disjunctive near the substrate surface. However, the tops of the columns grow together and form some small islands as shown in Figure 2(d) .
To get more information about the thin films' surfaces, the morphology of these two kinds of thin films was characterized by AFM, as shown in Figure 3 . The surface roughness of these films was characterized by the root mean square of surface height variation (R rms ). 16 The R rms values are 7.161 nm and 1.746 nm for the films prepared by glancing angle deposition and normal incidence deposition, respectively. The bigger R rms can further demonstrate the porosity of the films deposited with = 80 . The AFM images show results similar to the SEM photographs.
The crystalline structures of these films were characterized by XRD, shown in Figure 4 . The (111) diffraction peak is very strong and narrow for the film deposited at = 80 , but the peak is extraordinarily weak in the direction of (220). Compared to the situation of 80 , there is a strong diffraction peak along the direction of (220) in the condition of = 0 , and the (111) peak becomes negligible just as the green line shows. The XRD spectra indicate that there are two kinds of preferred orientation of ZnS films under different oblique angles by glancing angle deposition. According to the XRD spectra, the diameter of the nanocolumns is calculated by the Scherrer equation. 17 
D = k cos
where k is Scherrer's constant, is the X-ray wavelength, is the full width half maximum of the diffraction peak, is the Bragg diffraction angle, and D is the column's diameter. The nanocolumn's diameter is about 39 nm according to XRD spectra, which is in good agreement with the statistical average value of 44 nm obtained from the SEM images.
The dynamic growth process of ZnS nanocolumn films is described by shadow effect and atomic surface diffusion. Shadow effect implies that a given point on the surface can receive fewer particles than other points, because nearby surface features block some of the incoming particles. Atomic scale fluctuations inevitably exist on the nominally smooth surfaces. 18 ZnS particles arrive at the top of the surface, and will migrate to other points due to their kinetic energy, leading to a smooth surface. The competition between these two factors strongly determines the morphological evolution of the growing surface.
19 Figure 5 The probability of incidence particles arriving on the whole substrate can be kept constant in the deposition process with substrate rotation at a fixed speed. Thus, compact films could be formed on the substrate (Fig. 5(c) ). However, if the oblique angle is fixed at 80 , the initial nucleated islands of ZnS can act as shadowing centers at the beginning of the deposition, as shown in Figure 5 (b). The taller islands can receive more impinging particles by blocking the incoming particles from the shorter islands. The competition process only induces the taller islands to grow into columns. After a complete revolution, the average M is zero due to the cancellation of M in opposite directions, and nanocolumns along the direction of substrate normal can be formed with the increase of deposition time.
According to the SEM photographs and XRD spectra of thin films prepared with an oblique angle of 80 , it can be seen that the thin films show a very periodic structure. The periodic structure may influence the optical performance of the thin films, so the optical transmittance spectra of these ZnS thin films were measured. Figure 6 shows that the transmitting ability of the nanocolumn ZnS thin films is about 30% greater than that of the compact films in the 400-700 nm range. Across-theboard analysis of these SEM, AFM, and XRD results shows that the enhancement may be attributed to the diffraction effect of the periodic structure of nanocolumns formed by glancing angle deposition. Another factor should be considered, the change of the crystal structure may lead to a different refractive index. The refractive index may strongly influence the transmitting ability of the films. 20 21 The nanocolumn thin films can be applied to the organic/inorganic hybrid electroluminescence to improve the extraction efficiency. In our research group, we have developed a new kind of electroluminescence device to improve the luminescence intensity. 22 23 It is known that the external efficiency of light emitting diodes is typically only 20% of the internal quantum efficiency. Hence, how to increase the extraction efficiency is a crucial problem. From the transmittance spectra of these nanocolumn thin films, it should take very active effect to improve the extraction efficiency of organic/inorganic electroluminescence devices.
The influence of the nanostructure on the optical performance of thin films is also considered to apply to solar cells and biosensors. The greater optical transmittance and surface roughness will give the active effect to solar cells. In the case of solar cells, the greater the surface roughness of the thin films, the greater is the interface for exciton dissociation. We will carry out relative experiments to study the influence of nanocolumn thin films on the performance of devices. 
CONCLUSION
We have prepared ZnS films with different morphologies and nanometer structures by glancing angle deposition. The ZnS nanocolumn thin film was formed when the oblique angle was set to 80 , while the compact film was formed on the ITO substrate at = 0 . The formation of ZnS nanocolumn structure is attributed to the shadow effect by analyzing the growth process. The transmissivity of ZnS nanocolumn thin films was enhanced in the visible range, which could be ascribed to the diffraction effect of the periodic structure of the nanocolumns. This kind of ZnS nanocolumn thin films may have an active effect on improving extraction efficiency in organic/inorganic electroluminescence device.
